The number of terror attacks on civilian structures has recently increased. Protection of buried structures subjected to blast load remains quite sophisticated to predict. The use of the aluminium foam (ALF) to strengthen buried structure against blast work has great interests from engineering experts in structural retrofitting. The aim of this study is to use the ALF to strengthen the buried structure under blast load. The buried structure is considered to study the ALF as structural retrofitting. The Guowei model (Guowei et al. 2010 ) is considered as a case study. The nonlinear finite element analysis (FEA) is also used to model the buried structure under shock blast wave. The buried structure performance is studied based on detonating different TNT explosive charges. There is a good agreement between the results obtained by both the Guowei model and the proposed numerical model. The ALF improves the buried structure performance under the blast wave propagation.
Introduction
The number of explosive attacks on civilian structures has been recently increased worldwide. Protection of structures subjected to blast load remains quite sophisticated to predict. Current codes and regulations to estimate blast stress wave intensities effect on structures are usually based on some empirical methods due to the extreme complexities of the phenomenon of the blast process (Aimone 1982; Liu and Katsabanis 1997; Fayad 2009; Mohamad 2006; Schueller 1991; Wu et al. 1999; Zhang and Valliappan 1990) . These empirical methods were obtained from observations and measurements in field blast tests. The empirical methods tended to overlook the physical laws governing the blast process (Beshara 1994; Smith and Hetherington 1994) . Different countries and groups of countries apply different design manuals (Remennikov 2003; Gustafsson 1973; Liu and Katsabanis 1997; Technical Manual TM 5-885-1 1986; Technical Manual TM 5-1300 2008 . It is very expensive to conduct field blast tests in every site and sometimes it is impossible to carry out such field tests due to safety and environmental constraints (Dharmasena et al. 2008; Hao et al. 1998 ). However, a reliable numerical model validated against measured field data is an effective tool to analyze the structure performance under blast effect (Chen and Chen 1996; Dharmasena et al. 2008; Hao et al. 1998) . Lu et al. (2005) used a fully coupled numerical model to simulate the response of buried concrete structure under subsurface blast. The responses of the buried structure obtained by 2-D numerical model at different points were compared with those obtained by a 3-D numerical model. Trelat et al. (2007) studied impact of shock wave on a structure due to explosion at altitude. They improved the understanding of interaction of blast waves with both ground and structure using both the FEA and the experimental work. Luccioni et al. (2009) studied craters produced by underground explosions. They discussed the accuracy of numerical simulation of craters produced by underground explosions. Ha et al. (2011) used carbon fiber reinforced polymer (CFRP) to strengthen structures against blast load. They conducted an experimental work on CFRP to strengthen RC panels under blast loading. Elsayed (2011) used 2-D finite element analysis (FEA) to model two phases of tunneling process. First phase, the excavation phase was responsible to determine the pre-lining rock mass deformations and the reduced in-situ stresses. Second phase, the interaction phase modeled the compatibility of the rock-lining system. The deformations and stresses of the rocklining system and the final rock mass pressure acting on the lining were determined. Cavalaro et al. (2011) analyzed the influence of the contact deficiencies between the segmented tunnel lining during the construction of tunnels and the consequent damage procedure with TBM. They used the finite element analysis to simulate the contact deficiencies. Darabi et al. (2012) presented an appropriate model to predict the behavior of the tunnel in Tehran No. 3 subway line. They employed empirical methods to determine the variation of radial displacements along the longitudinal direction of a tunnel. They also determined the tunnel deformation using numerical analyses. Kivi et al. (2012) investigated settlement control of large span underground station in Tehran metro using 3-D finite element analysis. They discussed the impact of central beam column (CBC) on the rigidity of the supporting tunnel system. Liu et al. (2012) discussed the ground movement property caused by shield tunneling and expanding construction. Ground movement and construction influence were obtained by numerical model. Wang et al. (2012) used finite element analysis to predict surface settlement above tunnel in clay till. The influence of drainage condition on surface settlement was investigated. Jongpradist et al. (2013) used three-dimensional elasto-plastic numerical analysis to investigate the influences of tunnel excavation on existing loaded piles. The influence zones affected by driven pile were captured from the finite element analysis. Garner and Coffman (2013) proposed a numerical method based on an acceptable ground surface settlement profile to generate a tunnel system configuration that reproduced the acceptable settlement profile. They presented a brief discussion of existing methods of tunnel settlement analysis and two case studies illustrating the proposed method. Each case study was used to illustrate the use of bifurcated static back calculation -iterative from the finite element model prediction method. In the present study, 2-D nonlinear FEA is used to study the performance of the buried structure under blast effect, as shown in Fig. 1 . Based on the FEA, the performance of the buried structure strengthened by the aluminium foam (ALF) is studied. The ALF is considered as a mitigation system to strengthen the buried structure against blast impact. The Guowei model (Guowei et al. 2010 ) is used to verify the proposed 2-D finite element model of the buried structure, as shown in Fig. 2 . Developing such a numerical method has always been a challenge due to the complicated properties of blasting process and highly nonlinear and strain rate dependent dynamic responses (Hao et al. 1998; Smith and Hetherington 1994) . The pressuretime history effect on the buried structure is calculated by the empirical method (Technical Manual TM 5-885-1 1986; Technical Manual TM 5-1300 2008 . In this study, the performance of the buried reinforced concrete (RC) structure is studied with and without using the ALF. The buried RC structures are the most famous structural system used to perform civilian structures (NAT 1993 (NAT , 1999 (NAT , 2010 ). The constitutive model for this analysis contains elasto-plastic materials. An elasto-plastic model is also employed to represent the ALF layer and the soil media. A nonlinear-inelastic model is also employed to represent the buried RC structure liner. Numerical results obtained by the FEA are compared with the data obtained by Guowei model. It shows that the numerical model can well predict the response of the buried structures.
Maximum displacements at different locations located at the buried structure strengthened by the ALF are calculated and presented. The study shows the impact of the ALF on the performance of the buried structures.
Numerical model
The finite element computer program (COSMOS/M) is used in the present study. The finite element model (FEM) takes into account the effects of the vertical overburden pressure, the lateral earth pressure, the non-linear properties of the soil, the non-linear properties of the ALF, the blast effect generated by TNT explosive, and the non-linear properties of the buried RC structure. The soil, the buried structure, the ALF layer, and the interface medium are simulated using appropriate finite elements. Fig. 2 shows the typical section of the buried structure subjected to blast effect (Guowei et al. 2010) . The numerical modeling of the buried structure system must reflect the characteristic of the ground continuum, the ALF layer, and the RC structure. In addition, the interface between the soil media and the RC structure should be idealized in the numerical model. The buried RC structure, the ALF layer, and the soil media are modeled by the modified isotropic damage model and simulated by Lagrange processor (Hao et al. 1998; Wu et al. 1999) , as shown in Fig. 3 . It should be noted that viscous damping effect is neglected in the numerical simulation as its influence on high velocity explosion-type responses is insignificant (Hao et al. 1998; Wu et al. 1999 ). 2-D plane strain elements are used for modeling the soil media, the ALF layer, and the buried RC structure, as shown in Fig. 3 . Three-node triangular plane strain elements are adopted to simulate the behaviour of the soil media, the ALF layer, and the buried structure. The 2-D triangular plane strain element interface is used between the soil media, the ALF layer, and the buried structure to ensure the compatibility conditions at the interface between them as well as the associated stresses and strains along the interface surface.
The horizontal plane at the bottom of the mesh is represented by a rigid bedrock layer and the movement at this plane is restrained in all directions. The vertical boundaries of the 2-D FEM are restrained by roller supports to prevent a movement normal to the boundaries. The movement at the upper horizontal plane is free to simulate a free ground surface. The 2-D finite element mesh is shown in Fig. 3 . The mechanical properties of concrete are Poisson's ratio 18 . 0 = ν ; averaged mass density of concrete 2520 kg/m 3 ; elastic modulus E= 220 t/cm 2 ; compressive strength f n = 500 kg/cm 2 ; and strain to failure of concrete ε f ν = 0.001 . The shear modulus of the concrete mass depends on the elastic modulus E and Poisson's ratio . The mechanical properties of the ALF is tested and obtained by the author. The mechanical properties of the ALF layer are Poisson's ratio 3 . 0 = ν and averaged mass density of the ALF layer = 320 kg/m 3 ν . The stress-strain curve used for the ALF is shown in Fig. 4 . The shear modulus of the ALF depends on the elastic modulus (E) and Poisson's ratio ( ).
Guowei Model (Case Study)
The buried structure system used in the Guowei model is presented and discussed in the present study as a case study. The diagrammatic scheme of the buried structure system is shown in Fig.  2 . The soil media around the buried structure is well graded and compacted dense sand. The buried structure is made of reinforced concrete with one-meter member thicknesses. The overburden depth of the buried structure is 10 meters. The location of the side TNT explosive is shown in Fig. 2 . Guowei et al. (2010) recorded maximum displacement at point (1) located at the vertical wall of the buried structure, as shown in Fig. 2 . The point (1) is chosen at the midheight of the vertical wall facing the 10-kg TNT explosive, as shown in Fig. 2. 2-D nonlinear numerical model is proposed using the FEA to understand performance of buried structure system based on blast effect. The constitutive model of the surrounding soil media for this analysis utilizes elasto-plastic materials. A yielding function of the Mohr-Coulomb type and a plastic potential function of the Drucker-Prager type are employed (Chen and Mizuno 1990) . The soil is idealized as continuum medium with average geotechnical properties of soil commonly found in central Cairo (NAT 1993 (NAT , 1999 (NAT , 2010 . The nonlinear parameters of sand soil media are presented in Table 1 . Drain analysis is also adopted in this study as the buried structure is constructed through the sand soil media. The maximum displacement at point (1) obtained by the 2-D nonlinear FEA is compared with this obtained by the Guowei model to verify the proposed 2-D FEM.
Boundary Condition of Buried Structure system
A parametric study is conducted to choose the suitable geometric boundaries of the 2-D numerical model based on the blast effect. The 2-D numerical model should reflect the behaviour of the buried structure in the Guowei model. The 10-kg TNT explosive is used in the Guowei model. The 2-D finite element mesh models soil block width and depth in x and y directions, respectively, as shown in Fig. 3 . The calculated maximum displacements at point (1) located at the buried structure against different model widths are shown in Fig. 5 . When the numerical model width exceeds 100 meters there is no change in the estimated maximum displacement at point (1). The model mesh size is also studied to reflect the performance of the buried structure system based on the 2-D FEA. The element size varied from 2 m, 3 m, up to 5 m along the outer boundary of the soil model block. The element size also varied from 1 m, 1.5 m, up to 2.5 m along the buried structure liner. The calculated maximum displacement at point (1) based on different element sizes is presented in Table 2 . The results reveal that as the element size along the outer boundary of the soil model block is smaller than three meters there is no change in calculated maximum displacement at point (1) due to blast effect. The results also show that as the element size along the buried structure liner is smaller than one meter there is no change in the calculated surface settlement. The element size is chosen to be three meters along the outer boundary of the soil block. The element size is chosen to be one meter along the boundary of the buried structure liner.
Numerical Model Verification
The shock of the blast wave is generated when the surrounding atmosphere is subjected to an extreme compressive pulse radiating outward from the centre of the TNT explosive. The pressure-time history of a blast wave is illustrated with a general shape by Gaissmaire (2003), as shown in Fig. 6 . Transient pressure being greater than ambient pressure is defined as the overpressure (P s ) (Smith and Hetherington 1994). The peak overpressure (P s The 2-D FEA is used to obtain the maximum displacement at point (1) (Fig. 2) based on different TNT explosives. The displacement-time history obtained by the FEA is compared ) is the maximum value of the overpressure at a given location. The rise time to peak overpressure is less than microsecond (Baker et al. 1983) . In this study, the CONWEB numerical program (Technical Manual TM 5-885-1 1986) is used to calculate the pressure-time history effect on the buried structure based on different TNT explosive charges. The CONWEB is a collection of conventional weapons effect calculations from the equations and the curves of TM 5-885-1 (1986). The pressure-time histories effect on the buried structure are adopted in the 2-D FEA. The CONWEB uses the stand-off distance (R) of 4.31 m to calculate the pressure-time history effect on the buried structure, shown in Fig. 2 . Six-kg TNT, eight-kg TNT, ten-kg TNT, twelve-kg TNT explosives are applied at stand-off distance (R) of 4.31 m to obtain the pressuretime history hitting the buried structure, as shown in Figs. 7 to 10. with this obtained by the Guowei model based on ten-kg TNT explosive as shown in Fig. 11 . The results obtained by the FEA are similar to those obtained by the Guowei model.
Performance of Buried Structure Strengthened by ALF Layer
The maximum displacement of the buried structure due to blast load is calculated using the 2-D FEA. The maximum displacements at points (1), (2), and (3) are calculated using the 2-D FEA. The location of the points (1), (2), and (3) are shown in Fig. 12 . The FEA is also used to calculate the maximum displacements at different points located at the buried structure strengthened by the ALF layer as mitigation system. The study discusses the impact of the ALF layer on the buried structure performance under blast impact. Based on the 2-D FEA, the thickness of the ALF varied from 0.1 m, 0.2 m, 0.3 m, 0.4 m, 0.5 m, 0.6 m, up to 0.7 m. Three cases of the buried structure with and without the ALF layer are studied. At the first case, the buried structure is modeled without the ALF layer. At the second case, the buried structure is modeled with the ALF layer covering the wall facing the side TNT explosive, as shown in Fig. 12 . At the third case, the buried structure is modeled using the ALF layer along the whole perimeter of the buried structure, as shown in Fig. 13 . Six-kg TNT, eight-kg TNT, ten-kg TNT, and twelve-kg TNT explosives are used to study the buried structure performance without using the ALF layer (Case 1) at points 1, 2, and 3 ( Fig.  12) as well as to discuss the impact of the ALF layer strengthening the wall of the buried structure (Case 2). The TNT explosives are located at 4.31-meter stand-off distance from the samples, as shown in Fig. 12 . The pressure-time histories hitting the buried structure are presented in Figs. 7 to 10. The maximum displacement at points (1), (2), and (3) located at the buried structure are calculated to discuss the impact of the ALF layer. Fig. 14 shows the maximum displacement at point (1) versus the different thicknesses of the ALF layer. Fig. 15 presents the maximum displacements at point (2) versus the different thicknesses of the ALF layer. Fig. 16 presents the comparison between the maximum displacements at point (3) versus the different thicknesses of the ALF layer. The maximum calculated displacements at points (1), (2), and (3) without the ALF are compared with those strengthened by the ALF layer on these figures. Figs. 14, 15, and 16 indicate that the ALF layer strengthening the buried structure leads to reduce the maximum displacement at points (1), (2), and (3). Fig. 17 shows the relation between the different thicknesses of the ALF layer against the reduction percentage in the maximum displacement at points (1), (2), and (3). Ten-kg TNT explosive is used to discuss the impact of the ALF layer covering either the wall of the buried structure facing the explosive (Case 2) or along the perimeter of the buried structure (Case 3) at points (1), (2), and (3), as shown in Figs. 12 and 13 . The maximum displacement at points (1), (2), and (3) are calculated to discuss the impact of the ALF layer. Fig. 18 shows the maximum displacement at point (1) versus the different thicknesses of the ALF layer based on cases 2 and 3. Fig. 19 also presents the maximum displacements at point (2) versus the different thicknesses of the ALF layer based on cases 2 and 3. Fig. 20 presents the maximum displacements at point (3) versus the different thicknesses of the ALF layer based on cases 2 and 3. The maximum calculated displacements at points (1), (2), and (3) strengthened by the ALF covering the wall facing the TNT explosive are compared with those strengthened by the ALF layer along the perimeter of the buried structure. Figs. 18 to 20 indicate that the response of the buried structure strengthened by the ALF layer covering the wall facing the TNT explosive is the same as the response of the buried structure strengthened by the ALF layer along the whole perimeter of the buried structure.
Discussions
The Guowei model is used to study the performance of the buried structure based on ten-kg TNT explosive charges. The maximum displacement of the buried structure is obtained by the 2-D nonlinear FEA. There is a good agreement between the results by both the Guowei model and the 2-D FEA. The pressure-time history hitting the buried structures is also computed by the CONWEB numerical program (Technical Manual TM 5-885-1 1986) . The trends of the pressure-time histories obtained by the CONWEB numerical program (Technical Manual TM 5-885-1 1986) are the same trend as those presented by Gaissmaire (2003) . There is a good agreement between the pressure-time histories obtained by both the CONWEB and Gaissmaire (2003) . Fig. 18 shows that the ALF layer reduces the displacement at points (1), (2), and (3) by up to 80% as the thickness of the ALF reaches 10 cm. As the thickness of the ALF exceeds 100 cm there is no change in the response of the buried structure. In general, the buried structures play an important role to resist the blast load. The case of the buried structures strengthened by the ALF layer gives the smallest displacement readings. Therefore, the ALF layer increases the buried RC structure stiffness and then reduces the deformation of the buried RC structure compared to the buried RC structure without the ALF layer. The ALF has a large amount of strain energy which can absorb the kinetic energy of the blast wave propagation. Based on the 2-D FEA, the ALF reduces the maximum displacement of the buried RC structure by up to 80%. Finally, the performance of the buried RC structures is highly dependent on the material properties of the ALF layer which is used as a mitigation system.
Conclusions
A 2-D nonlinear finite element analysis has been used to predict the performance of buried RC structures with and without PRF layers under the blast effect. The following conclusions can be drawn regarding the performance of the buried structures strengthened by the ALF layer under impact of shock wave propagation through soil media. • The 2-D nonlinear FEA can be successfully used to analyze and estimate the performance of the buried RC structure based on the Guowei model. • The pressure-time histories calculated by the CONWEB numerical program (Technical Manual TM 5-885-1 1986) has the same trend as that presented by Gaissmaire (2003) . • The response of the buried structure strengthened by the ALF layer is reduced by up to 80% with respect to that of the buried structure without the ALF layer. • The responses of the buried structure strengthened by the ALF layer along the perimeter of the buried structure are the same as the responses of the buried structure strengthened by the ALF layer covering only the wall of the buried structure facing the explosive. • Based on the 2-D FEA, when the thickness of the ALF exceeds 10 cm there is no change in the response of the buried structure. However, the aluminium foam (ALF)layer could be used as structural retrofitting to absorb the energy of the blast wave propagation hitting the sandwich steel structures. (2) and (3) 
